Numerous studies have explored the pathogenesis of cyclosporin A (CysA)-induced hypertension; however, none has assessed the impact of CysA treatment on resistance arteries in the setting of elevated blood pressure. Therefore, we studied the chronic effect of CysA on rat mesenteric artery resistance vessels (ex vivo). CysA (25 mg/kg per d for 7 d), but not vehicle, significantly raised systolic blood pressure (13.4±2.2 mmHg, P < 0.003, n = 9 per group). The resistance vessels from CysA-treated rats showed a small but significant decrease in norepinephrine sensitivity (P < 0.03) and a pronounced decrease in endothelium-dependent and -independent relaxation (P < 0.001) compared to controls. Endothelin-1 sensitivity tended to be diminished (P = 0.07). The direct (in vitro) effect of CysA was subsequently evaluated in resistance vessels from nontreated animals (n = 8) and exposed to CysA (2 ,ug/ml) for 24 h. As observed in vivo, CysA significantly decreased endothelium-dependent and -independent relaxations (P < 0.05) and attenuated norepinephrine sensitivity (P = 0.06). Methylene blue, a nitric oxide quencher, significantly inhibited the acetylcholine-induced relaxation in control, but not in CysA vessels, suggesting a selective action of CysA on the nitric oxide pathway. We conclude that CysA-induced hypertension is the consequence of a primary effect on resistance vessel relaxation, not increased vasoconstriction, as previously suggested. (J. Clin.
Introduction
Cyclosporin A (CysA)', a neutral cyclic undecapeptide of fungal origin, is a potent immunosuppressor agent widely used in organ transplantation. Its use has been limited by several side effects including hypertension, nephrotoxicity, and hypercholesterolemia (reviewed in reference 1). CysA-induced hypertension is frequent in solid organ transplantation, as well as elin-1; MARV, mesenteric artery resistance vessels; NE, norepinephrine; NO, nitric oxide; SNP, sodium nitroprusside. autoimmune disease (2) . Though renal dysfunction is usually also present, blood pressure elevations have been observed in the absence ofdetectable renal dysfunction in both animals (3) and humans (4) . Numerous studies have been conducted in various animal models to elucidate the vascular changes that might be responsible for the elevation of blood pressure. Most of them have reported a significant impact of the drug on large or medium arteries (5-10) or on whole vascular beds ( 1 1, 12) . Few studies, though, have addressed the impact of the drug on resistance vessels: in vitro studies with human subcutaneous arterioles ( 13, 14) or ex vivo experiments conducted with renal microvessels in the context of CysA nephrotoxicity ( 15 ) . To date, there are no data available on the reactivity of resistance arteries studied ex vivo after chronic administration ofCysA in the presence of drug-induced hypertension. Finally, in many studies in which altered vascular reactivity was demonstrated (6, 7, 10, 15) , there was no documented elevation of blood pressure, thereby bringing into question the relevance of the observed vascular changes to hypertension. The objectives of the present study were (a) to evaluate the vascular consequences of the drug treatment at the level of resistance arteries (ex vivo study) in an animal model of cyclosporin A-induced hypertension and (b) to determine if the vascular dysfunctions observed in CysA-treated animals could be the consequences of a direct action of the drug (in vitro study). To accomplish this, a rat model of CysA-induced hypertension was developed in which elevation of blood pressure coexisted with functional alteration of the reactivity of resistance vessels. Similar vascular dysfunction was reproduced after direct and chronic in vitro exposure of the vessels to the drug supporting the hypothesis that CysA-induced vascular toxicity is a cause of drug-induced systemic hypertension.
Methods
Animals. 12-14-wk old male Sprague Dawley rats(Charles River Laboratories, Wilmington, MA) were used for all experiments. They were fed ad libitum a standard rat chow (Ralston-Purina Co., St. Louis, MO), had free access to water, and were submitted to a 12-h dark-light cycle. All rats were fasted for 16-18 h before death.
Experimentalprotocols. Two experiments were performed. Experiment 1 examined the changes in the reactivity of resistance vessels associated with the elevation of blood pressure induced by chronic administration of CysA, while experiment 2 was intended to demonstrate that the observed in vivo changes could be reproduced in vitro by direct and long-term exposure of resistance vessels to the drug.
In experiment 1, the animals (n = 18) were randomly assigned to either the CysA group or the control (vehicle) group. CysA rats received daily subcutaneous injections (9:00 a.m.) ofcyclosporin A (generously provided by Sandoz Pharmaceuticals Corp., East Hanover, NJ) solubilized in olive oil at the dose of25 mg/kg body wt for 7 d. Control rats received olive oil only (500 1l). Systolic blood pressure was measured daily by a tail-cuff method (Narco-Bio, Houston, TX) for three consecutive days before the treatment period and during final 3 d of treatment. On day 8, the rats were killed by decapitation, and the vascular reactivity of the mesenteric artery resistance vessels was studied. Another group of animals (six control and six CysA-treated rats) was subjected to the same injection protocol and used for further characterization of the experimental model. In this group, blood pressure and body weight were monitored daily for 2 wk (I wk ofbaseline and I wk oftreatment), and blood analysis was performed on day 8. None ofthe control group was pair fed, since we observed that a food restriction comparable to the decreased food intake usually observed in rats treated with CysA did not impact significantly on either systolic blood pressure or vascular reactivity (not shown).
For testing the direct effect of cyclosporin A on the reactivity of resistance vessels (experiment 2), nontreated animals were used (same strain, sex, and age as for the in vivo experiments).
Measurement of vascular reactivity. Mesenteric artery resistance vessels (MARV) were isolated and prepared as previously described (16) . Briefly, the mesenteric artery bed was excised and rinsed with saline. Resistance vessels from the second branch of the mesenteric artery were studied. For each rat, two vessels were analyzed and their responses were averaged. In experiment 2 (in vitro), four segments (-I cm long) of MARV were prepared as above and further incubated for 24 h with either CysA (2 .ug/ml) or ethanol (as vehicle, 0.1%, vol/vol) in Dulbecco's modified essential medium supplemented with antibiotics (penicillin and streptomycin) at 370C in a 5% CO2 atmosphere. Preliminary experiments showed that a 24-h exposure to 0.1% ethanol had no significant influence on their reactivity (not shown). Vessels were then mounted in a myograph and set at their optimal length for force development by construction ofa length-tension curve. The diameter of the vessels and the arterial wall thickness were measured using a filar micrometer eyepiece. The reactivity (contraction or relaxation) to cumulative addition of norepinephrine (NE), endothelin-l (ET-I), acetylcholine, or sodium nitroprusside (SNP) was measured after an initial equilibration period of30 min. The acetylcholineinduced relaxation was also tested after a 0-min incubation with I AM methylene blue. Responses were reported as absolute force normalized to axial length of the vessel (active tension in millinewton per millimeter) for contractions or percent ofprecontraction with NE for relaxations (100% equals no relaxation). When appropriate, efficient doses (EDo) were calculated.
Blood chemistry. Urea, creatinine, and Mg2' levels were determined on plasma using standard laboratory techniques. Statistical analysis. Results are presented as mean±SEM. The statistical difference between two groups of independent values was estimated using Student's t test. Paired tests were used when the vessels from the same animal were used to test both CysA and vehicle (experiment 2). Repeated measures analysis of variance and linear regression analysis were used to assess the trends of blood pressure and body weight over time. tration was significantly decreased. The resistance vessels from the animals treated with CysA did not show significant alteration oflumen diameter (290±+1 1 vs 283±13 ,sm) or wall thickness (32.1 ± 1.1 vs 32.1 ± 1.1 um) compared to the control vessels. The maximum response (active tension) to ET-1 was similar in both groups (data not shown). However, the ED5o tended to be increased (P = 0.07, Fig. 4 ) in vessels isolated from CysAtreated rats, indicating decreased sensitivity to ET-1. The sensitivity to NE, but not the maximum contraction, was significantly decreased in the CysA vessels (Figs. 4 and 5). Maximum relaxation and sensitivity to acetylcholine were significantly decreased in CysA-treated rats (Fig. 6 ). Sensitivity to Na nitroprusside was also decreased (significant shift of the dose-response curve to the right) in CysA-treated rats compared to those receiving the vehicle (Fig. 7) . However, the maximum response to Na nitroprusside was identical in both groups.
Experiment 2. The response to ET-1 was similar in both CysA-and vehicle-incubated resistance vessels (data not shown). As observed in the ex vivo experiment, the NE doseresponse curve was shifted to the right in CysA vessels as compared to controls (Fig. 8) , associated with an increase of ED5: 297±52 vs 210±21 nM for CysA and vehicle, respectively (P = 0.06, n = 8). The maximum relaxation induced by acetylcholine was significantly decreased in the resistance vessels Results Experiment 1. Chronic administration of CysA significantly increased systolic blood pressure in the animals used for the vascular study, while administration of vehicle did not (Fig. I , experiment 1). The average body weight gain during the treatment period (days 0-8) was significantly reduced in the CysA group by comparison with controls: 10±+18 and 59±25 g, respectively (P < 0.001). The results were confirmed in a subgroup of rats (n = 6) for which the kinetics of the drug action on blood pressure and body weight were better characterized by daily measurements; as shown in Figs. 2 and 3 , the elevation ofblood pressure and the inhibition ofbody weight gain started at the time ofdrug injection. Based on linear regression analysis, the blood pressure slope with respect to time was higher in the CysA than in the control group (+ 1.97 vs. -0.16 mmHg/ d, P < 0.001), while body weight slopes were 1.3 and 3.5 g/d, respectively (P < 0.02). The plasma level of urea was significantly elevated in CysA rats when compared with controls (Table I). Creatinine level was not different. Plasma Mg2+ concen- preincubated with CysA ( Fig. 9 ). This figure also shows that the dose-response curve was shifted to the right of the control curve, indicating a decreased sensitivity to the neuromediator. Preincubation of the vehicle-treated vessels with methylene blue (1 ,uM) for 1O min before addition ofacetylcholine significantly shifted the dose-response curve to the right by comparison with the curve obtained without methylene blue (Fig. 10  A) . In contrast, methylene blue had no effect on the response to acetylcholine of CysA-treated vessels (Fig. 10 B) . Finally, CysA-treated vessels showed decreased sensitivity to Na nitroprusside as compared to controls (Fig. 11) ; both preparations relaxed to the same extent when challenged with maximum concentrations of Na nitroprusside.
Discussion
The present study was intended to further characterize the vascular impact and mechanisms of cyclosporine A using a rat model with fixed hypertension. A significant inhibition ofbody weight gain was observed in association with the rise in blood pressure. The decreased body weight gain is a previously recognized side effect of CysA administration in humans and animals (25, 26) , and could be accounted for by a reduction in food intake (not measured in this study) or by a catabolic effect of the drug as suggested by the elevation of plasma urea in CysA animals. Global reduction in food intake is unlikely to play a role in the pathogenesis ofCysA-induced hypertension, since chronic underfeeding has been reported to decrease blood pressure (27) is a possibility that the drug impairs the intestinal absorption of a specific nutrient critical to the control of systemic blood pressure, such as magnesium or calcium, thereby increasing blood pressure.
Drug-induced elevation of blood pressure was associated with significant alterations of the resistance vessel reactivity to pressure hormonal mediators: small but significant decreased sensitivity to NE, profound impairment of endothelium-dependent (acetylcholine) relaxation, and decreased sensitivity to endothelium-independent relaxing factors (Na nitroprusside). These effects were reproduced in vitro by chronic (24-h) direct exposure of the vessels to the drug. Our findings offer the first direct evidence of altered reactivity of resistance vessels in the context ofCysA-associated hypertension. Impaired reactivity of larger vessels such as aorta (6) , smaller arteries such as renal intralobar arteries (6) , or mesenteric arterial bed isolated erties have a potentially large impact on the resistance to blood flow and, ultimately, on arterial pressure. The role of the observed vascular changes in the pathogenesis of hypertension is questionable, particularly if one considers that the impaired response to vasoconstrictors may offset the predominant effect on vasorelaxation. However, since the impact of the drug on maximal vasorelaxation is profound (Fig. 6) , and that on vasoconstriction is limited to a decrease in sensitivity (Figs. 4 and  5) , we believe that the net effect is a decreased vasodilatory tone, which secondarily sustains the rise in systemic blood pressure.
The decreased sensitivity to NE is in contrast to previous reports of enhanced vascular reactivity to the hormone. Using an isolated rat mesenteric arterial bed preparation that comprised large as well as resistance vessels, Rego et al. ( 12) showed that chronic administration of CysA induced greater vasoconstrictor response to NE. In a different arterial bed (renal microvessels), Takenaka et al. ( 15) examined the response to exogenous NE after 5 d ofsubcutaneous CysA at 60 mg/kg per d. At this overtly nephrotoxic dose, afferent and efferent constriction induced by NE was enhanced. Other reports (6, 10) obtained with large vessels also documented the increased adrenergic vascular reactivity, further supporting the concept that sympathetic nervous system hyperreactivity was a major pathogenetic factor ofCysA-induced hypertension. The current ex vivo and in vitro data do not support this hypothesis. Instead, our findings are in agreement with the conclusions ofde Lima et al. (29) , that hypersensitivity ofresistance vessels to vasoconstriction does not contribute significantly to the development of CysA-induced hypertension. As shown by Mikkelsen et al. (7) and discussed by McNally et al. (30) , the effect of CysA may vary according to the type and size of the vessels studied, thus explaining the discrepancy between our results and previous reports. Indeed, not all studies have reported a potentiation of vasoconstriction by NE. At least two in vivo studies (20, 22) performed in the rat reported a blunted pressor response with administration of the drug. More interestingly, Richards et al. ( 14) showed that preincubation of resistance vessels isolated from human fat biopsies with CysA decreased their sensitivity to exogenous NE. The mechanism ofthe hyposensitivity to NE remains speculative. An excessive stimulation ofefferent sympathetic nerve activity by CysA, previously reported by Moss et al. ( 17) and Xue et al. (5), could have induced the desensitization to NE observed in in vivo studies, as well as in our ex vivo experiment. A recent report from Zanchi et al. (31) showed that chronic in vivo inhibition of NO synthetase with L-arginine analogues was associated with a decreased response of rat mesenteric arterioles to NE. As discussed below, this situation also applies to CysA treatment where a profound impairment of endothelium-dependent vascular relaxation is observed. Therefore, it is also a possibility that the decreased sensitivity to NE be secondary to a pharmacological effect ofthe drug on the endothelium. Finally, a direct toxicity of CysA on smooth muscle cells and their contractile components cannot be excluded.
ET-1 is a potent vasoconstrictor produced by endothelial cells (32-34). Its putative role in the pathogenesis of hypertension is supported by several lines ofevidence (35) (36) (37) suggesting that endothelial damage is generally associated with enhanced release of the vasoconstrictor peptide. An increased number ofET-1 cardiac receptors has been reported in a mouse model given the drug (38) . Of greater interest is the recent report by Takeda et al. (23) of a stimulated release of ET-l by the mesenteric artery of Wistar rats chronically treated with 25 mg/kg per d CysA. Excessive production may induce a desensitization of the ET-l receptors, thus explaining the tendency to decreased sensitivity to exogenous ET-l (P = 0.07, Fig. 4 ) observed in our model.
CysA-induced impairment of endothelium-dependent relaxation has been a consistent finding in the literature. Aortic rings either preincubated ( 11 ) or isolated from animals pretreated with the drug (6, 7, 1 1 ) , human subcutaneous resistance arterioles challenged in vitro by CysA ( 14) , mesenteric vascular beds perfused with CysA (11) and whole animals given CysA (39) , all exhibited impaired response to acetylcholine. The renal microvessels of CysA-treated rats also showed a blunted vasodilatory response to acetylcholine ( 15 ) . A study by Chan et al. ( 10) was not able to reproduce the effect ofCysA on endothelium-dependent relaxation. However, the authors used a much lower dose (5 mg/kg per d for 7 and 21 d) than that used in the present study. They also did not characterize the systemic blood pressure ofthe animals, which is unlikely to be elevated at this dose. An adverse impact of CysA on arterial smooth muscle and endothelium-independent relaxation has not been consistently observed previously. Several in vitro and ex vivo studies using large vessels or mesenteric arterial bed preparations (6, 8, 9, 1 1 ) described the blunting effect of CysA on Na nitroprusside-evoked relaxation. In contrast, other in vitro (43) and ex vivo (14) studies could not reproduce this finding. Paradoxically, Richards et al. ( 14) found that the response to Na nitroprusside was enhanced in human resistance vessels coincubated with CysA. Our results in resistance vessels suggest that impaired smooth muscle relaxation is an additional important factor in the pathogenesis of CysA-induced hypertension.
The molecular mechanism of action of the drug has not been explored in our study and remains to be determined. However, several lines of evidence suggest that a likely intracellular target is the NO metabolic pathway, including the nitric oxide (NO) generation system by the endothelium and the NO effector system in smooth muscle cells. As reported initially by Solagni et al. (40) in spontaneously hypertensive rats, and more recently by Gallego et al. (39) in normotensive animals, the administration of L-arginine prevents the development of CysA-induced hypertension. Since L-arginine is the metabolic substrate ofendothelial NO synthetase, the enzyme stimulated by acetylcholine in our vascular studies, these reports suggest that CysA can decrease the generation ofNO-dependent endothelium-derived relaxing factors (41). Our observation that methylene blue, a superoxide donor that inactivates endothelium-derived relaxing factors (42) , has no effect on the acetylcholine-induced vasodilatation of resistance vessels preincubated with CysA is consistent with the above noted reports and further suggests that the NO generating system is impaired by CysA. The smooth muscle NO effector system, tested with SNP in our study, is also altered by CysA, though to a lesser degree. A previous study by Rego et al. ( 11 ) showing decreased guanosine cGMP content in the aorta of rats treated with CysA and decreased cGMP production by large vessels challenged in vitro by the drug suggests that CysA might impair endotheliumindependent relaxation ofthe resistance vessels by interference with the cGMP pathway.
The existence of a distinctive impact of CysA on endothelium-dependent and -independent relaxations is debatable in our study because the response to acetylcholine depends on both the endothelium and the smooth muscle, and it tests both the NO-generating and effector systems. One might argue that if CysA-treated vessels have diminished ability to relax, whether to NO-dependent or -independent stimuli, then they will certainly be less affected when NO synthesis is inhibited (e.g., by methylene blue), thus pointing to impaired smooth muscle function as the sole expression of CysA vascular toxicity. We do not believe this is the case based on examination of the dose-response curves to both acetylcholine and SNP in the ex vivo experiments. Fig. 6 shows that maximal doses ofacetylcholine cannot relax CysA-treated vessels to the same extent as controls. On the contrary, full relaxation can be achieved with maximal doses ofSNP (Fig. 7) despite a diminished sensitivity. This strongly suggests that CysA impacts on the endothelium and the smooth muscle differently.
In conclusion, our study provides direct experimental evidence of the in vivo vascular toxicity of cyclosporin A. The adverse impact ofthe drug was demonstrated in resistance vessels in the setting of sustained hypertension and was characterized essentially by a decreased response to endothelium-dependent and -independent relaxation pathways. Our data strongly suggest that an initial decrease of vasodilatory tone, and not hyperreactivity to vasoconstrictors, is responsible for elevation of systemic blood pressure observed in the animals receiving CysA. The in vivo effects ofthe drug on resistance arteries were reproduced in vitro, further supporting the hypothesis of a direct action of the drug on the endothelium and vascular smooth muscle of resistance vessels. Additional studies are needed to determine the specific impact of CysA on the nitric oxide pathway.
